Machine vision technology enables the continuous and nondestructive monitoring of leaf responses to different nutrient supplies and thereby contributes to the improvement of diagnostic effects. In this study, we analysed the temporal dynamics of rice leaf morphology and colour under different nitrogen (N), phosphorus (P), and potassium (K) treatments by continuous imaging and further evaluated the effectiveness of dynamic characteristics for identification. e top four leaves (the 1st incomplete leaf and the top three fully expanded leaves) were scanned every three days, and all images were processed in MATLAB to extract the morphological and colour characteristics for dynamic analysis. Subsequently, the mean impact value was applied to evaluate the effectiveness of dynamic indices for identification. According to the results, higher nutrient supply resulted in a faster leaf extension rate and a lower developing rate of chlorosis, and the influence of N deficiency on leaf growth was the greatest, followed by P deficiency and then K deficiency. Furthermore, the optimal indices for identification were mainly calculated from morphological characteristics of the 1st incomplete leaf and colour characteristics of the 3rd fully expanded leaf. Overall, dynamic analysis contributes not only to the exploration of the plant growth mechanism but also to the improvement of diagnostics.
Introduction
Nitrogen (N), phosphorus (P), and potassium (K) are the three main macronutrients for rice growth [1, 2] . However, due to the lack of real-time and accurate nutrition diagnosis in the field, farmers tend to overuse fertilizer in order to achieve high yield, which can lead to environmental problems and waste of resources.
erefore, nondestructive, timely, and precise NPK nutrition diagnosis is needed in field management to improve crop yield and agricultural sustainability.
In recent years, hyperspectral imaging technology has received tremendous attention in several research fields. is technology integrates both spectral and morphological information that has been successfully applied in nutrition diagnosis [3] [4] [5] , water content estimation [6, 7] , mapping of the distribution of plant nutrition [3, 8] , and fruit injury detection [9] . However, the high cost and complex operation of the equipment limit the popularization and application of this technology in the field [10, 11] . Alternatively, digital images acquired by digital cameras or scanners contain abundant information about colour, morphology, and texture features [11] [12] [13] , which are easy to obtain with existing software. Moreover, the effectiveness of digital images in nutrition diagnosis has been proved in numerous studies [11, [13] [14] [15] . Compared to hyperspectral imaging technology, digital image processing technology has the advantages of low cost, simple operation, and good portability in practical applications.
However, current studies mainly focus on plant information at certain major growth stages [11, [16] [17] [18] ; this intermittent information collected with long sampling intervals is incomplete, and some important information may be ignored. Leaf chlorosis, an important trait for nitrogen diagnosis, is traditionally measured by assessing leaf colour at a certain stage [19] , but the development of chlorosis, which carries valuable information, is difficult to quantify with intermittent information. In addition, nutrition diagnosis based on digital images mainly relies on the significant symptoms caused by nutrient deficiency. To some extent, this dependence on the appearance of characteristic symptoms delays the nutrition diagnosis [14, 20] . It is observed that plant responses to nutrient deficiency are embodied not only in the symptoms but also in the formation and development of these symptoms. erefore, a complete analysis of plant dynamics will contribute to the early diagnosis. Given the above, continuous monitoring with a small sampling interval is particularly necessary for the exploration of valuable information and the improvement of diagnostic effects.
Based on plant physiology, nutrient deficiency exerts influence throughout the life cycle [21] . e leaf responses to different nutrient supplies would be distinct and are embodied in all stages of leaf life. In this context, the complete leaf responses can be captured in detail by continuous monitoring, enabling the further identification of sensitive characteristics, which is helpful for more-targeted collection of plant information in subsequent work. Moreover, obtaining the complete leaf responses allows the exploration of the diagnostic effects at any stage, which is also helpful for achieving satisfactory diagnoses as early as possible.
Recently, continuous monitoring has been applied in numerous studies to study the phenotypic responses of plants to various environmental conditions [22] [23] [24] . Studies conducted by Poire et al. [22] , Neilson et al. [23] , and Yong-hui et al. [25] reported the temporal dynamics of leaf morphology and colour during the leaf extension stage. eir results also showed that different nutrient supplies resulted in various dynamic characteristics (such as the leaf extension rates and rates of colour change), which indicated that nutrient deficiency could be identified by dynamic characteristics at early stages. In addition to the dynamic nature of leaf extension, the dynamics of other stages, such as chlorosis, which is a typical process of leaf growth when exposed to NPK deficiency, are also valuable for dynamic analysis.
erefore, continuous monitoring should be carried out in different leaf positions to analyse the dynamic natures of different leaf growth stages.
Given the above, dynamic analysis of leaf morphology and colour not only contributes to the further exploration of sensitive characteristics but also provides new ideas and methods for nutrition diagnosis. In this study, we aim to (1) explore the dynamic responses of leaf morphology and colour to NPK deficiencies using the 1st incomplete leaf and fully expanded leaves and (2) evaluate the effectiveness of dynamic indices in nutrition diagnosis, laying a foundation to identify NPK deficiencies. 4 : 89.30 mg/L). In total, this trial was designed with thirteen nutrient levels with five replicates per level. Every 5 days, the pH of the nutrient solution in each pot was measured and adjusted to 5.5-6.5 using 1 mol·L −1 NaOH.
Materials and Methods

Experimental
Image Acquisition and Processing.
Compared to a digital camera, a scanner has advantages in image acquisition. Because scanning is performed in a closed environment, the effects of the external environment and operator error can be eliminated [19, 26] . During data acquisition, rice leaves were scanned (EPSON GT20000) every 3 days from 20 days after the seedlings were transplanted (DAT20) to DAT44 in both 2014 and 2015. e top four leaves (the 1st incomplete leaf and the 1st, 2nd, and 3rd fully expanded leaves) of each plant were scanned at sampling times, and the experiments were conducted 9 times. All the scanned images were saved in the tag image file format (TIFF), and the scanned image size was 5100 × 3510 pixels.
e scanned leaf images were processed in MATLAB 2013b (MathWorks Inc., USA). e mean value and regionprops functions, which are provided by MATLAB, were applied to extract and quantify the characteristics of leaf colour and morphology. e mean value function was used to calculate the average value of objects, and the regionprops function can quantify the morphological properties of image such as area, perimeter, and circularity.
Since the leaf morphological characteristics were initially described in terms of pixels, we performed conversions to obtain the actual results (in centimetres). e resolution of scanned images was set to 300 dots per inch (dpi), where a dot is equivalent to a pixel. Because one inch equals 2.54 cm, the length of one pixel was 2.54/300 cm. Accordingly, the actual area (cm 2 ) was calculated as the sum of all pixels within the leaf range multiplied by (2.54/300) 2 , and the actual perimeter (cm), leaf length (cm), and width (cm) were calculated by multiplying the pixel number by 2.54/300.
Dynamic Analysis of Leaf Morphology and Colour.
In this paper, the top four leaves were classified into two main categories according to leaf growth status: the 1st incomplete leaf and fully expanded leaves (the 1st, 2nd, and 3rd fully expanded leaves). Dynamic analysis was carried out for the above two categories.
To illuminate the temporal dynamics of rice leaf at di erent stages, the 1st incomplete leaf was used to elucidate the leaf dynamics from emergence to fully expanded, and the fully expanded leaves were used in analysis of leaf dynamics from fully expanded to fully withered. To analyse the dynamic characteristics of rice leaf, we started with the morphology and colour characteristics. Among the various leaf morphological characteristics, the leaf area provides more comprehensive leaf information that is suitable to reveal the dynamic nature of leaf extension. In addition, the normalized red index (NRI), which has been proved to be closely related to plant nutrition [27, 28] , is chosen to describe the dynamic changes of leaf colour.
Furthermore, leaf chlorosis is a typical symptom resulting from NPK de ciency; the more severe the de ciency is, the greater the chlorosis rate. erefore, to further explore the leaf responses to NPK de ciencies, we segmented the chlorotic part to reveal the development of leaf chlorosis. To carry out the segmentation, the "colorseg" function, which was de ned by Gonzalez [29] , was applied in MATLAB.
e speci c segmentation procedure, as presented in Figure 1 , was as follows: the green part of the leaf was rst extracted by the selection of a region of interest (ROI), followed by image subtraction between the entire leaf and the green part (both of them converted to binary images during image segmentation) to extract the nongreen (chlorotic) part. Finally, we used image synthesis to restore the original colour characteristics of the chlorotic part for the subsequent analysis. In this paper, we selected the green part rather than the chlorotic part as the ROI (region of interest) in segmentation because the chlorotic part was small at the beginning of the leaf chlorosis, and its spatial heterogeneity was higher than that of the green part, making it di cult to select a representative region of interest for complete segmentation.
Moreover, we used the chlorosis rate to analyse the development of leaf chlorosis in the NPK treatments. Compared to the chlorotic area, the chlorosis rate eliminates the in uence of leaf size and more accurately reveals the process of leaf chlorosis. e chlorosis rate was calculated according to the following formula: chlorosis rate chlorotic area leaf area .
In addition, the above characteristics of the four nutrition levels in each treatment (except the normal treatment) were averaged for further comparison between di erent treatments.
Potential Evaluation of Dynamic Indices for Nutrition
Diagnosis.
e leaf responses di ered based on the nutrient de ciencies to which they were exposed, and those di erences varied with time. erefore, to identify the optimal characteristics and the appropriate diagnostic time, leaf dynamics were quanti ed at various time points and further used in potential evaluation.
Quanti cation of Dynamic Characteristics.
Relative growth rate (RGR) is an essential parameter to evaluate plant growth rate and is widely used in botany studies [22, 23] . In this
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Step 3 Journal of Spectroscopypaper, we expanded the application of RGR in plant biomass to leaf morphology and colour indices (Table 1) to quantify leaf dynamics. RGR was calculated according to Hunt [30] :
where W1 and W2 are the initial and final values at the beginning (t1) and the end (t2) of the measurement period, respectively (2). e RGR was calculated from DAT20 to DAT44 in both 2014 and 2015, with the time interval between t1 and t2 being set at 3 days. In total, there were 8 data sets. However, the data sets from the last time point were not utilized in this analysis because of the missing data due to leaf wilt. erefore, 7 data sets, named P1 to P7, were used in the potential evaluation.
Potential Evaluation.
e mean impact value (MIV) was used to evaluate the effectiveness of dynamic indices in identifying different kinds and levels of deficiencies. e MIV was calculated based on the BP (back propagation) neural network, and a higher absolute value of the MIV means that the dynamic indices are more effective for identification [31, 32] .
Results
Dynamic Responses of the Area and Colour of the 1st
Incomplete Leaf to NPK Deficiencies. According to plant growth mechanism, rice plants under NPK deficiency exhibit stunted growth and different leaf morphology. Meanwhile, leaves under N deficiency were light green in colour, while dark green leaves could be observed in plants under PK deficiency. To reveal the influence of NPK deficiency on rice growth and explore effective characteristics for nutrition diagnosis, analyses of leaf morphology and colour dynamics during leaf extension process were carried out in the 1st incomplete leaf.
e Increase in Leaf Area in Response to NPK Deficiencies.
Detailed leaf extension process of the 1st incomplete leaf is shown in Figure 2 . e growth curve showed vigorous growth during the first 6 days, after which the leaf growth rate decreased over time. Overall, it took approximately 10 days to reach the peak leaf area.
Apparently, there was a strong treatment effect for leaf extension when rice plants were exposed to different levels of NPK deficiencies. As depicted in Figures 2(a)-2(c), leaf extension rate increased with the increasing nutrient supply, and higher nutrient supply resulted in bigger leaf area. To assess the different influences of NPK deficiencies, the average values of four nutrition levels in each treatment were calculated for further comparison. As depicted in Figure 2 (d), leaves with normal nutrient supply exhibited the largest area and highest extension rate, followed by the K treatment, P treatment, and N treatment, in that order.
Dynamic Changes in Leaf Colour in Response to NPK
Deficiencies. For all the treatments, a decreasing trend in NRI dynamics was observed during leaf extension, and NRI remained basically stable once rice leaves were fully expanded ( Figure 3 ).
When exposed to NPK deficiency, different levels of nutrient supplies resulted in different colour variations. As depicted in Figures 3(a) and 3(b) , the temporal dynamics of NRI differed among the four nutrition levels for the N and P treatments, with leaves with higher nutrient supply showing greater declines in NRI and stabilization at lower values. However, there were no significant differences between the four nutrition levels in the K treatment (Figure 3(c) ). Moreover, Figure 3 (d) shows further comparison of colour variations between the four treatments. Clearly, similar colour variations can be observed in the K and normal treatments, and their decreases in NRI during the leaf extension stage were the largest, followed by the P treatment and then the N treatment.
As displayed earlier, distinct changes in leaf characteristics could be observed among different nutrient supplies, which indicated that dynamic characteristics (changes in leaf morphology and colour) of the 1st incomplete leaf could be used to identify NPK deficiency. 
Dynamic Area and Colour Responses of the Fully Expanded Leaves to NPK Deficiencies.
It is widely accepted that deficiencies in NPK nutrition accelerate leaf senescence. Meanwhile, different symptoms could be observed in the fully expanded leaves when exposed to NPK deficiency: Under N deficiency, the entire leaf loses its green colour and gradually becomes yellow; under P deficiency, rice leaves become greypurple, and under K deficiency, rice leaves exhibit scorched margins and brown necrotic spots. e morphological and colour dynamics of the fully expanded leaves also differ with different nutrient supplies. erefore, we explored the temporal dynamics of fully expanded leaves to reveal the influence of NPK deficiency and obtain effective information for nutrition diagnosis.
Dynamic Changes in Leaf Area in Response to NPK
Deficiencies. As shown in Figure 4 , the three fully expanded leaves displayed the progression from stability to senescence. Consequently, the leaf area declined over time and then remained stable when the rice leaf became fully withered. Moreover, the overall developing trends indicated that the largest changes in leaf area appeared first in the 3rd fully expanded leaf and then the 2nd fully expanded leaf, and there were no significant changes in the 1st fully expanded leaf. Moreover, a strong treatment effect on leaf wilt could be observed among different nutrient supplies. For leaf responses between different levels of nutrient supply (Figures 4(a)-4(i) ), the results indicated that the decrease in leaf area started earlier and ended earlier with lower nutrient supply. For leaf responses between different types of nutrient supply (Figures 4(j)-4(l) ), the leaves with NPK deficiencies withered earlier and faster than those with normal nutrient supply, and leaf wilt in the N treatments began earliest and developed with the fastest rate, followed by the P and K treatments. 
Dynamic Changes in Leaf Colour in Response to NPK
Deficiencies. As shown in Figure 5 , NRI displayed an overall increasing trend in all treatments. When rice leaves became completely withered, NRI was maintained at a stable value that is called the "terminal point" in this article.
Similar to the leaf area dynamics, colour changes were most obvious in the 3rd fully expanded leaf, followed by the 2nd and then the 1st fully expanded leaves. Moreover, colour variation also differed with the nutrient supplies. Among the four nutrition levels in each treatment (Figures 5(a)-5(c) ), NRI increased more quickly and reached the terminal point earlier when exposed to a lower nutrient supply. On the other hand, colour variations among the four nutrition treatments ( Figure 5(d) ) implied that leaves with N deficiency had higher NRI values than leaves in the other treatments, and the N treatment was the earliest to reach the terminal point, followed by the P treatment, K treatment, and normal nutrient supply.
Development of Leaf Chlorosis in Response to NPK
Deficiencies. Based on the above analysis, compared to the 1st and 2nd fully expanded leaves, the 3rd fully expanded leaf showed more obvious responses in terms of morphology and colour. Accordingly, the 3rd fully expanded leaf was further applied to reveal the process of leaf chlorosis.
As observed in Figure 6 , the development of leaf chlorosis showed an overall tendency of "slow-fast-slow" in all treatments. Lower nutrient supply appeared to result in higher percentages of chlorosis and faster chlorosis development (Figures 6(a)-6(c) ). Furthermore, the comparison among NPK treatments (Figure 6(d) ) indicated that leaf chlorosis resulting from N deficiency developed the most quickly, followed by P deficiency and then K deficiency.
As can be seen, in morphological or in colour characteristics, the leaf dynamics of the three fully expanded leaves showed distinct changes in the different nutrient supplies. However, the dynamic changes in leaf characteristics were more significant in older leaves than in younger leaves, and colour changes were more obvious than morphological changes. Moreover, dynamic changes in the local feature (the chlorotic part in the 3rd fully expanded leaf) also differed significantly among the nutrient supply conditions. e responses of the three fully expanded leaves to NPK deficiency suggested that dynamic characteristics of leaf colour and local feature in the older fully expanded leaves could be effective indicators for nutrition diagnosis. 
Potential Evaluation of Dynamic Indices in Identi cation of Di erent Kinds and Levels of Nutrient De ciency.
As described above, distinctions among di erent nutrient supplies were observed in both morphological and colour dynamics; thus, it is helpful to quantify these distinctions for nutrition diagnosis. As indicated in previous studies [1, 12, 14] , there are various kinds of indices that could e ectively reveal the plant nutrition status. However, they show di erent levels of e ectiveness in the identi cation of di erent kinds and di erent levels of nutrient de ciency because of the di erent Figure 4 : Leaf area responses of the rst three fully expanded leaves to di erent nutrient supplies: (a, b, c) N treatment, (d, e, f) P treatment, (g, h, i) K treatment, and (j, k, l) four treatments (average value of the four nutrition levels in each treatment). e three columns from the left to right present colour variations in the 1st, 2nd, and 3rd fully expanded leaves, respectively. DAT: day after transplantation.
identi cation mechanisms. For this reason, we selected 14 indices that have been widely used in nutrition diagnosis to quantify leaf morphological and colour dynamics, and we further evaluated their e ectiveness in diagnosis. us, a few of the most e ective indices could be selected based on the results of this evaluation, thereby reducing the computational complexity and improving the diagnostic e ect. Journal of Spectroscopy Figure 7 shows the MIV results based on identi cation of four types of treatments (N, P, K, and normal). In data sets for the 1st incomplete leaf, a decreasing trend of the MIV was observed from P1 to P7, which indicates that the dynamic indices calculated at the leaf extension stage were highly distinctive among the four treatments. Furthermore, it also implied that the optimal indices were mainly calculated from leaf morphological features (LP, LL, LA, and LW), especially in the P1 data set. In data sets of fully expanded leaves (the 1st, 2nd, and 3rd leaves), the 3rd leaf achieved a higher MIV than the 2nd fully expanded leaf, and the 1st fully expanded leaf performed poorly in potential evaluation. A similar changing trend of "low-high-low" from P1 to P7 was found in the 2nd and 3rd leaves, and the colour indices (especially the R, I KAW , ExG, and ExGR) performed better than the morphological indices. Additionally, only CLA among the morphological indices produced satisfactory results.
Potential for Identi cation of Di erent Types of Nutrient De ciencies.
Furthermore, Figure 7 also shows that indices of the 1st incomplete leaf had a higher MIV in P1 and P2, while fully expanded leaves (especially the 3rd leaf) had a higher MIV in P3-P7.
Potential for Identi cation of Di erent Levels of Nutrient De ciencies.
e above results indicated that the dynamic indices calculated from the 1st incomplete leaf and the 3rd fully expanded leaf showed greater potential for use in identi cation. erefore, these two leaves were further applied in potential evaluation of identifying di erent levels of nutrient de ciency.
As depicted in Figure 8 , the 1st incomplete leaf showed a higher MIV at the early stage (leaf extension stage) and the 3rd fully expanded leaf achieved a higher MIV at a later stage (leaf chlorosis stage). However, the optimal indices (those that produced a higher MIV) di ered among NPK treatments. For identifying di erent levels of N de ciency (Figures 8(a) and 8(b) ), the optimal indices were LA, LP, NGI, I KAW , ExG, and NRI from the 1st incomplete leaf and were NGI, I KAW , I PCA , CR, and ExG from the 3rd fully expanded leaf. For identifying di erent levels of P de ciency (Figures 8(c) and 8(d) ), the optimal indices were LL, LW, LA, LP, I KAW , and NGI from the 1st incomplete leaf and were GRVI, ExG, NGI, I KAW , and DGCI from the 3rd fully expanded leaf. For identifying di erent levels of K de ciency (Figures 8(e) and 8(f) ), the optimal indices were LA, LP, LL, NRI, and GRVI from the 1st incomplete leaf and were CLA, NGI, NRI, I PCA , and R from the 3rd fully expanded leaf.
Discussion
Dynamic Responses of Leaf Morphology and Colour to
NPK De ciency 4.1.1. Leaf Morphology. As the irreplaceable nutrients in plant growth, de ciencies in NPK nutrition inhibit leaf extension and accelerate leaf wilt. Consequently, higher nutrient supply generates bigger leaf area, faster leaf extension rate (Figure 2) , and slower senescent rate ( Figures  4 and 6 ). Moreover, it was stated in the previous paper [33] that P and K de ciencies have a secondary in uence on leaf growth when compared with N de ciency. In this paper, the leaf morphological responses to NPK de ciencies con rmed these ndings and further showed that N de ciency has the greatest in uence on leaf growth, followed by P de ciency and then by K de ciency.
Leaf Colour.
As reported in previous studies, the NRI had a negative correlation with the leaf N content, which suggests that a greener leaf results in a smaller NRI [26, 27] . erefore, the NRI showed a declining trend because rice leaves become greener during leaf extension (Figure 3) . Likewise, fully expanded leaves showed an increasing trend of NRI because of leaf chlorosis ( Figure 5 ). Temporal dynamics of NRI not only showed the colour changes during leaf extension and chlorosis but also revealed the e ects of di erent nutrient supplies on leaf growth. For instance, colour variations of the three fully expanded leaves reached the terminal point earlier under lower nutrient supply ( Figure 5 ), which indicated that the greater the in uence of nutrient de ciency was, the faster the development of leaf chlorosis. In this sense, the in uence of NPK de ciencies on The 1st incomplete leaf leaf growth from big to small in proper order are N deficiency, P deficiency and K deficiency, which is consistent with the conclusion drawn from morphological dynamics.
Effectiveness of Dynamic Indices in Nutrition Diagnosis.
In previous studies, the 3rd fully expanded leaf was considered the most ideal leaf in plant nutrition diagnosis [15, 19] . However, temporal dynamics of leaf morphology and colour suggested that both the 1st incomplete leaf and the 3rd fully expanded leaf conveyed valuable information for nutrition diagnosis (Figures 2-6) . Furthermore, the potential evaluation provided further evidence regarding the effectiveness of dynamic indices in diagnosis, revealing the optimal indices, diagnostic times and corresponding leaf positions. From the perspective of dynamics, the more obvious the dynamics in rice leaf, the larger the distinctions among different treatments can be. During the life cycle of the rice leaf, significant dynamics mainly exist during the stages of leaf extension and senescence. us, when exposed to NPK deficiencies, the leaf extension stage and chlorotic stage would be the optimal times for diagnosis. erefore, the 1st incomplete leaf and the 3rd fully expanded leaf, which provided information about leaf extension and chlorosis, respectively, would be the optimal leaf positions for identifications based on dynamic characteristics. Accordingly, the 1st incomplete leaf achieved higher MIV at the extension stage, and the 3rd fully expanded leaf showed a higher MIV at the chlorotic stage (Figures 7 and 8) . Moreover, these results also implied that the identification mechanisms of using the 1st incomplete leaf and the 3rd fully expanded leaf are, respectively, based on the dynamics of leaf extension and chlorosis. Morphological dynamics are the most significant changes during leaf extension, and colour dynamics are the most significant variations during leaf chlorosis. Consequently, morphological indices of the 1st incomplete leaf and colour indices of the 3rd fully expanded leaf would be the optimal indices for identification.
Application of Dynamic Analysis to Future
Work. By using nondestructive technology, a time series of plant images can be acquired to reveal phenotypic responses to environmental stress [22, 23] , such as the distinct responses of leaf morphology and colour to NPK deficiencies in this paper, helping us to further explore the mechanisms of plant growth.
Moreover, the 1st incomplete leaf has seldom been used in nutrition diagnosis because of its instability. However, the dynamic analysis and potential evaluation collectively revealed that the dynamic characteristics of the 1st incomplete leaf are valuable for diagnosis. erefore, the dynamic indices of the 1st incomplete leaf can be further used in the establishment of diagnostic models, thus improving the effectiveness of early diagnosis.
Furthermore, the dynamic nature of typical symptoms, such as the development of brown necrotic spots on rice leaves caused by K deficiency, is important for the analysis of plant growth mechanisms and the exploration of sensitive characteristics for identification.
Conclusions
In this study, from expanding leaf (the first incomplete leaf) to fully expanded leaves and from entire leaf characteristics to local features, we analysed the dynamic responses of leaf morphology and colour to different NPK nutrition supplies. Moreover, the potential evaluation further revealed the effective indices and the optimal time for diagnosis. e major conclusions drawn from this study were as follows:
(a) Leaves with lower nutrient supply showed slower leaf extension and faster development of leaf chlorosis. Moreover, dynamics of leaf morphology and colour collectively suggest that N deficiency has the greatest influence on leaf extension and senescence, followed by P deficiency and then by K deficiency. (b) In the 1st incomplete leaf, the dynamic indices calculated from leaf morphology (LA, LP, LL, and LW) at the leaf extension stage would be ideal indices to identify nutrient deficiency. (c) In fully expanded leaves, the dynamic indices calculated from leaf colour (such as R, NGI, I KAW , ExG, and I PCA ) and chlorotic part (CLA, CR, and CG) at the leaf chlorosis stage would also be effective indices for identification.
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